Finite-size effect on evolution of Griffiths phase in manganite nanoparticles 
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The finite-size effect on the evolution of Griffiths phase (GP) is studied using nanoparticles of half- 
doped manganite Pro.sSro.sMnOs with different average particle sizes but having similar structural 
parameters. All the samples exhibit pronounced GP behavior. With reducing particle size, the 
Griffiths temperature remains almost unchanged but the characteristic critical temperature T^ 
decreases and the GP properties are strengthened. It is noteworthy that the shift of T^ follows 
finite-size scaling with the particle size revealing an exotic interplay between the GP properties and 
the sample dimension. This reinforces an earlier proposal of length-scale related evolution of GP. 

PACS numbers: 75.47.Lx, 75.75.-c, 75.40.Cx 



Nanosizcd materials continue to attract large amount 
of scientific interest. With this reduced dimensions, the 
physical properties are mainly governed by two factors 
viz., surface and finite-size effect [l|. While the for- 
mer is realized due to broken translational symmetry and 
magnetic exchange bonds at the surface which leads to 
surface spin disorder and frustration the later originates 
due to hindrance of divergence of long-range correlation 
length at the system boundaries. The interplay between 
these two effects often manifest many exotic phenomena 
such as, modification of transition temperature and sat- 
uration magnetization, weakening of antiferromagnetic 
(AFM) state and emergence of ferromagnetic (FM) state, 
appearance of superparamagnetic (SPM) behavior and 
glassy dynamics, exchange bias, etc ja4ll|. 



In this manuscript, we have studied the effect of finite- 
size on the evolution of Griffiths phase (GP) behavior 
[12| . The GP arises due to a phase inhomogeneity above 
the long-range FM ordering temperature T^, and the 
quenched disorder serves as main ingredient for its oc- 
currence. Originally, the GP was described for a Ising 
ferromagnet considering that if a system is randomly di- 
luted either creating vacancy or replacing the magnetic 
atoms with the nonmagnetic ones then there is a dis- 
tribution of nearest-neighbor exchange bonds with the 
values J and having probability p and 1 - p, respec- 
tively. In this scenario, the transition temperature of the 
diluted system Tc {p) becomes less than that for the pure 
one i.e., Tc{p = 1) which is also recognized as the Grif- 
fiths temperature Tq- For p < pc {pc, the percolation 
threshold), the system docs not develop any long-range 
ordering. The temperature (T) regime between Tc(j)) 
and Tg is, however, quite interesting where the system 
neither exhibit pure paramagnetic (PM) nor long-range 
FM ordering. Instead, there exists spatially distributed 
small clusters of different sizes with local FM ordering. 
This leads to a situation called 'Griffiths phase' where the 
magnetization happens to become nonanalytic. Usually, 
Griffiths singularity is characterized by the susceptib ility 
(x) exponent A, (0 < A < 1) with following relation [13| . 



-1 oc (T - T^y- 



(1) 



It is clear that the power law behavior in Eq. 1 is 
a modified Curie- Weiss (CW) law where the exponent 
A quantifies a deviation from CW behavior due to for- 
mation of magnetic clusters in PM state. As Tc is ap- 
proached from above, more number of clusters achieve 
FM ordering and the bulk susceptibility of system tend 
to diverge at T^ (usually > Tc) which is regarded as the 
critical temperature of random ferromagnet |14l4l8l| . Re- 
cently, there have been several experimental studies to 
identify the T^, yet the underlying role of T^ in mod- 
ulating GP behavior is not clear. However, the diver- 
gence of bulk susceptibility at temperature T^ (Eq. 1) 
higher than Tc implies that even if the sample does not 
attain long-range FM ordering, perhaps there develops 
inter-cluster correlation of magnetic fluctuations. If this 
correlation exists, the question raises about its typical 
length scale and its critical nature at T^. In this regard, 
imposing a physical constraint on the thermal evolution 
of correlation length will be a crucial step which will also 
probably help to understand how a system with GP be- 
havior thermally evolves from PM to FM phase, as re- 
cently new scaling relations have been proposed near the 
GP-FM phase transition ^ . 

In the last several years, the possible existence of GP 
has been shown in many kind of materials including tran- 
sition metal oxides (TMOs) [li-[li, IMii . The TMOs 
have in-built natural disorder contributed by random size 
distribution of cations. The most recent studies on GP 
behaviour have focused on the role of structural disorder 
coming from variation in tri- and di-valent ions which 
eventually translates to a case of 'bond disorder' [IJ- 



17|, l20|, |2]J. On the other hand, the evolution of GP 



has also been investigated for 'site disorder' introduc- 
ing chemical substitution at Mn-site [18[. Similarly, in 
nanoparticles the GP behavior has been observed for 
several doped manganites, mostly due to size induced 
weakening of charge-ordered antiferromagntic interaction 
present in their bulk materials [27h29| . but the role of 



TABLE I: The particle sizes, critical temperatures and 
the inverse susceptibility exponents (A) for Pro.sSro.sMnOa 
nanoparticles. 



Samples 



N600 



N650 



N700 



Dxflo (nm) 


15.7 


17.3 


19.1 


Dtbm (nm) 


15.7 


19.2 


26.6 


DMag (nm) 


16.5 


19.2 


20.9 


Tg(K) 


316(2) 


318(2) 


316(2) 


Tf (K) 


260.1 


274.1 


280.1 


Afj\/ 


0.026(8) 


0.02(9) 


0.016(6) 


Agp 


0.80(3) 


0.74(4) 


0.64(6) 



finite-size effect on tlie development of GP is yet to be 
investigated. 

In present study, we have used nanoparticles of half- 
doped manganite Pio.sSro.sMnOa (PSMO) as a model 
system to understand the size controlled evolution of 
magnetic fluctuations. The typical size of FM clusters 
above Tc in TMOs is about 1-2 nm [30|, l3l| , and our 
nanoparticles are sufficiently large (Table 1) to support 
such clusters. The bulk PSMO shows 2nd order PM to 
FM transition followed by a 1st order FM to AFM tran- 
sition with lowering in temperature |32h35| . Recently, 
we have shown strong GP behavior in bulk PSMO where 
it is further strengthened with the substitution of non- 
magnetic Ga at Mn-site, which has been ascribed due to 
change in length scale of FM clusters 



181. In fact, the 



present tailor-made nanoparticles with different sizes of- 
fer an ideal playground to test this length scale induced 
modification in GP properties. These nanoparticles have 
shown some interesting features such as, SPM behaviour, 
a dipolar-type interparticle interaction, crossover in criti- 
cal lines on field-tenrperature plane, exchange bias effect, 
memory effect, etc |9|,|36|. In present study, we show a 
pronounced GP behavior in these nanoparticles of PSMO 
at high-T across PM to FM phase transition. With re- 
ducing the particle size, though Tq remains almost con- 
stant but the T^ decreases and the susceptibility expo- 
nent A increases which imply an enhancement of both 
GP regime as well as its strength. It is further notewor- 
thy that modification of Tj^ follows a finite-size scaling 
behavior exhibiting a prominent role of finite-size on the 
evolution of GP. 

Nanocrystallinc samples of PSMO (three batches des- 
ignated as N600, N650 and N700) are prepared using a 
chemical pyrophoric method, and details are given else- 
where [9[. The particle sizes as obtained from x-ray 
diffraction (Dxrd), transmission electron microscope 
(Dtem) and magnetization data (DMag) are given in 
Table 1. All the samples are found to be chemically 
pure, and without significant mismatch in structural pa- 
rameters due to size variation. The dc magnetic mea- 
surements are performed with a vibrating sample magne- 
tometer (PPMS, Quantum Design) and ac susceptibility 
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FIG. 1: (Color online) Temperature variation in inverse dc 
magnetic susceptibility (x~^) measured in 0.1, 0.5, 1 and 
10 kOe are plotted for Pro.sSro.sMnOa nanoparticles (N600). 
The vertical up arrow marks the Griffiths temperature Tc- 



is measured with a home-built instrument [371 ]. 

The GP is characterized as divergence in susceptibility 
which implies that an inverse susceptibility {x~^) would 
exhibit a sharp downturn with decreasing temperature 
[13| . Fig. 1 shows temperature dependence of x~^ de- 
duced from dc magnetization measured in different mag- 
netic field {H) for representative N600 material. At high 
temperatures, x~^{'^) exhibits a linear dependence for 
all the measuring field following the CW behavior. As 
temperature decreases, the x~^ deviates from linearity 
showing a downturn which is typical to GP behavior. 
Note, that similar downturn in x"^ has also been ob- 
served in low field ac susceptibility data (not shown). At 
lowest measuring field of 0.1 kOe the downturn is rea- 
sonably sharp while with increasing field (0.5, 1 and 10 
kOe) the sharpness of downturn is reduced. This can 
be understood as in higher fields the magnetic response 
from the PM matrix becomes substantial to dominate 
over the embedded FM clusters, hence driving toward a 
linear behavior in x~^(r). The observed magnetic be- 
havior in Fig. 1 confirms GP in present naoparticles as 
the mere presence of magnetic clusters above Tc does not 
necessarily lead to Griffiths singularity without a diver- 
gence in susceptibility |30|, l31| . 

The presence of Griffiths singularity in all nanoparti- 
cles has been confirmed from x~^ vs T measured in 0.1 
kOe (Fig. 2). All the samples exhibit a sharp downturn 
in x~^t however, in high-T PM regime the x~^ mono- 
tonically decreases with the particle size. This implies 
a relatively reduced PM moment in smaller size parti- 
cles. Indeed, we have estimated the effective PM mo- 
ment Heff as 3.62, 3.70 and 4.38 ^b/Lu. for N600, 
N650 and N700, respectively while the expected spin- 
only value (g^SiS + l)) of PSMO is about 4.38 A^s/f-u. 
[9[. This low value of Me// is not though related to the 
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FIG. 2: The inverse magnetic susceptibility (x^^) is plot- 
ted as a function of temperature for all the Pro.sSro.sMnOs 
nanoparticles. The vertical arrows mark the To- In inset, the 
susceptibility data are plotted against temperature following 
Eq. 1 in double logarithmic scale. The data for N650 is ver- 
tically shifted by 0.35 for clarity. The straight lines are due 
to straight line fitting of Eq. 1. 



stoichiometry of sample as lodomctric titration reveals 
Mn^~^ / Mn'^'^ ratio is close to 1 for all the samples. How- 
ever, the prominent surface disorder in smaller size par- 
ticles may cause such lovif fJ-eff , as similarly observed for 
low-T moment |9|. 

From the onset of downturn in x^^{T) we have es- 
timated the Tg for all the samples (see Table 1) j24| . 
With marked observation, the Tq remains almost con- 
stant with varying particle size, even values are very close 
to Tg (315 K) 



for the bulk PSMO material [l8l. While 
the long-range magnetic ordering temperatures are sus- 
ceptible to the size variation of materials but the Tq 
which is considered to be the ordering temperature of 
pure disorder-free material proves to be very robust. Fur- 
ther, we have characterized the GP utilizing Eq. 1. The 
inset of Fig. 2 shows logig-logio plot of x~^ vs T/T^ - 
1, and from the slope of straight line fitting (Eq. 1) we 
have obtained the exponent A. Following previous dis- 
cussion, the A in Eq. 1 presents a means to measure the 
strength of GP as in pure PM case A w and the system 
follows the original CW behavior. However, the determi- 
nation of proper A is very sensitive to right value of T^ . 
We have followed a rigorous method prescribed in Ref. 
18l to determine the Tf-, and subsequently A (Table 1). 
The very negligible Xpm in PM regime (above Tg) im- 
plies that obtained T^ are authentic. The obtained Xgp 
in GP regime are quite comparable with other TMOs 
l4 llwlSl |2J-[26J . We observe that Xgp increases and 



T^ decreases with reducing the particle size. 

In the GP regime there are clusters with short-range 
FM ordering but the system as a whole does not exhibit 
spontaneous magnetization A4s [38|. This has been ex- 
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FIG. 3: Magnetic isotherms collected at different tempera- 
tures are plotted as M^ vs H/M (Arrott plot) for (a) N600, 
(b) N650 and (c) N700 nanoparticles of Pro.sSro.sMnOa. (d) 
shows temperature dependence of real part of second order ac 
susceptibility x^ measured in frequency 731 Hz and ac field 
2.5 Oe. 



amined using 2nd order ac susceptibility (X2) and Arrott 
plot, respectively. For Arrott plot, the magnetic isotherm 
M{H) is plotted in the form of M^ vs H/M, and the 
positive intercept on M^ axis due to an extrapolation of 
straight line fitting in high field regime gives M^ [39[ . In 
Figs. 3a, 3b and 3c we present few representative Arrott 
plots around T^ for N600, N650 and N700, respectively. 
The figures clearly show that all the samples develop Mg 
at temperatures (Tc) much lower than T^ (Table 1). This 
confirms that in GP regime there is no Mg though there 
are ferromagnetically ordered small clusters. To further 
elucidate this issue we have measured X2 which is only 
evident due to FM spin correlations and diverges with the 
appearance of Mg at Tc 1^, ^M ■ Henceforth, the X2 is 
not expected in PM state above Tc. The temperature de- 



pendence of x^ (real part of X2 measured in 731 Hz and 
2.5 Oe ac field) in Fig. 3d shows a finite appearance at 
low temperature, however, it exhibits a pronounced peak 
around 227.5, 255.3 and 267.2 K for N600, N650 and 
N700, respectively and these temperatures are in agree- 
ment with the appearance of Mg as observed in Fig. 3a, 
3b and 3c. Interestingly, a finite value of X2 is seen to be 
present above the peak (Tc) way up to temperature very 
close to Tg for all the samples. These observations ex- 
perimentally verifies that in GP regime the system does 
not hold Ms related to long-range FM ordering but there 
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FIG. 4: The scaling behavior of reduced temperature of T^ 
vs particle size is shown in double logarithmic scale. The 
straight line is fitting following Eq. 2. 



exists FM spin fluctuations. 

Interestingly, the significant particle size dependence 
of characteristic temperature T^ (Table 1) can be nicely 
described following finite-size scaling theory [l|, |40| , 



1- 






= ± 



D 



-Ijv 



(2) 



where D is the diameter (or size) of particles, T^{oo) 
is related temperature for infinite size system. Do is the 
characteristic length scale on microscopic level and v is 
the exponent for correlation length. We have taken T^ 
and Draag from Table 1, and we are quite justified in 
taking T^{(X)) = Tq (316 K) as for infinite size particles 
the X is expected to diverge at Tq. The data plotted in 
Fig. 4 following Eq. 2 show a nice finite-size scaling be- 
haviour, and the fitting yields the exponent v = 0.535(5) 
and Do = 6.54(2) nm. The similar nice finite-size scaling 
has also been obtained for T^ (taking temperature where 
X^(r) shows peak in Fig. 3d and Tc(oo) = Tq) with v 
= 0.398(8) and Do = 9.94(3) nm (not shown). While 
the theoretical predictions for v vary based upon differ- 
ent magnetic models such as, between 0.65(7) - 0.733(20) 
for Heisenberg model and 0.5 for the mean-field model 
4lL |42| the presently obtained v at T^ and Tc does not 
match with the established magnetic models. This is sig- 
nificant because the critical exponents for M^ and % in 
bulk PSMO do not also agree with the established uni- 
versality classes [35[. Moreover, the i^ ^ 1 in present case 
imply that modification of T^ in Fig. 4 is not due to a 
pure surface effect as the surface/ volume oc D~^. 

The shift of transition temperature following finite-size 
scaling theory has previously been observed in case of 
thin films as well as nanoparticles [2|, 1431446 1. While 
the reasonable size mismatch between Pr^+ and Sr^+ 



ions and the deviation from cubic perovskite structure 
causes a structural disorder which perhaps contributes 
to GP behavior in Pro.sSrg.sMnOa, it is notable that the 
structural parameters and the ionic concentration do not 
change significantly with the size variation [9[. This is 
substantiated by the fact that the Tq remains unaltered 
for the nanoparticles, which is also the Tq of the bulk 
PSMO 118| . In this respect, the evolution of GP and such 



scaling of T^ with particle size are significant. The basic 
comprehension of T^ is a critical temperature where x 
diverges (Eq. 1). Therefore, size induced modification 
of T^ following finite-size scaling in Fig. 4 underlines 
the fact that there exists correlation of magnetic fluc- 
tuations among the clusters above Tc which diverges at 
T^. This divergence is, however, hindered by the size 
of particles, and further substantiated by the finite-size 
scaling of Tc- The present observations are crucial re- 
garding the GP-PM phase transition while there is ongo- 
ing debate about the experimental evidence for the GP 
behavior. Moreover, an obeying of scaling behavior for 
all the investigated particles means that the typical mag- 
netic correlation length in this material is larger than the 
maximum size of particle i.e., N700. The striking effect of 
particle size is also realized with an increase value of Xqp 
which implies an enhancement of GP property in smaller 
size materials [18J. Nonetheless, the present study pro- 
vides the first experimental realization of finite-size scal- 
ing effect on GP behavior. We hope that theoretical in- 
vestigations will be extended to comprehend this exotic 
interplay between the GP behavior and finite-size effect. 

In conclusion, to understand the finite-size effect on 
the GP behavior the size dependent nanoparticles of half- 
doped manganite Pro.sSro.sMnOs with similar structural 
parameters and ionic concentration are prepared. A pro- 
nounced Griffiths singularity is observed which has been 
characterized with FM spin fluctuations above Tc but 
without spontaneous magnetization. The Griffiths tem- 
perature does not modify, but the strength of GP in- 
creases and the characteristic GP temperature T^ de- 
creases with reducing particle size. The shift of T^^ nicely 
follows the finite-size scaling theory. This shows presence 
of inter-cluster correlation of magnetic fluctuation which 
becomes critical at Tc ■ This study brings out an inter- 
esting interplay between finite-size effect and GP prop- 
erties, and clearly shows the effect of length-scale on the 
evolution of GP as postulated earlier. 
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